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BULK AND INTERFACE IMPERFECTIONS IN SEMICONDUCTORS®
C. T. Sah
I. INTRODUCTION

Imperfections in solids may be dynmamic or static. They perturb the
periodicity of the crystal. This paper will review some new measurement
techniques that determine the properties of static imperfections such as
chemical impurities and physical defects from self interstitials and
vacancies. It is well known that imperfections are important because they
control the electrical, optical, thermal and mechanical properties of solids.

The impurity and defect imperfection centers affect both the electrical
and cptical characteristics of solid state devices such as the bipolar transis-
tor, the MOS field-effect transistor, the light emitting diode, the junction
laser, and the tunnel diode. For example, the quantum efficiency of the light
emitting diode and the junction laser is reduced by the presence of nonradiative
impurity and defect recombination centers. For another example, the charge
transfer efficiency in the charge counled devices is affected by the genera-
tion of electron-hole pairs at the imperfection centers located in the surface
space charge region. The efficiency is also reduced by the recombination or
trapping of electrons and holes at the fast interface states located at the
oxide-silicon interface.

The presence of the imperfections as recombination centers will improve
certain device characteristics in some cases. For example, gold impurity has
been used as recombination centers to reduce the minority carrier lifetime and
to increase the switching speed of silicon diodes and transistors. The technique
of controlling lifetime and switching time was first introduced by members of

the Bell Telephone Laboratories in 1960 for silicon diodes and by members of the

*Based on the text of a Sherman Fairchild Lecture given at Lehigh University

on November 7, 1973. Published in Solid-State Electronics, Vol. 20, December 1976.
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Paifchild Semiconductor Laboratories in 1961 for diffused silicon transistors.
Radiative recombination centers can also be useful in giving different colors
in light emitting diodes and in phoéphors.

The history of research in semiconductor physics and solid state electronics
is filled with novel experimental techniques to control the concentration of
the impurity and defect centers, to measure t@eir electrical and optical
properties and to physically understand and to theoretically predict these
electrical, optical as well as thermal properties from first principles.

Impurities and defects are usually present in minute quantitites in most
practical situations. The very low concentration presents a major challenge to
detect their presence and to measure their properties accurately.

Almost all of the earlier data were obtained on uniform samples from the
temperature dependencesof the Hall effect and electrical conductivity and from the
infrared absorption spectra. The Hall and conductivity measurements are tedious
and require liquid helium temperature apparatus. The data give the thermal
activation energies of trapped electrons or holes at the imperfection centers.
The Hall data also give the concentration of the imperfection centers and the
conductivity data also give the Hall mobilities.

The concentration in the sample must be high to give measureable effects
in the Hall effect experiments. Even at high concentrations, the results are
usually not too accurate. Part of this inaccuracy comes from the uncertainty
in the theoretical model of the bound electron or hole states in semiconductors,
such as the unknown excited states and energy level degeneracy factors.

Results of the thermal activation energy measurements in silicon are shown
in Figure 1 which is taken from Simon Sze's book published in 1969 (Wiley). More
recent results are tabulated and given in figures similar to Figure 1 by
A. G. Milnes in his 1973 book which surveys the properties of imperfections in
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semiconductors (Wiley 1973). For the deep energy levels, most of the data listed
in Figure 1 are in some doubt, except perhaps the data for gold and one or two
other impurities. This is because of substantial differences in the results
obtained by various methods at different laboratories. A similar lack of agree-
ment of energy levels also appears in GCe and III-V compounds. One of the most
serious difficulties which contributes to the rather diverse results is the method
of imperfection introduction into silicon. It cannot be said with certainty that
careful checks were made in some of these experiments to assure that the properties
measured, such as the thermal activation energy, are indeed due to the intended
impurity or defect and not due to other centers also introduced during the high
temperature chemical or physical processes used to generate these defects.

In this paper, we will review some of the new experimental techniques to
determine the electrical and optical properties of the electrons and holes bound
at the imperfection centers. The new techniques have been extensively developed
since 1965. [1,2]* They have many advantages over the older Hall and conductivity
and the optical absorption methods for studying material physics. The new methods
are extremely sensitive and the experimental data can be unambiguously interpreted.

The new techniques involve the detection of electrons or holes trapped at
imperfection centers in a region of a semiconductor which is depleted of free or
mobile electrons and holes. [1,2] This region may be the space charge layer of

a reverse biased p-n junction, a Schottky barrier or a MOS capacitor.

II. PARAMETERS CHARACTERIZING THE IMPERFECTIONS
Let us first give a brief review of the physical processes and the parameters
which characterize the electron or hole generation, recombination and trapping

processes at the imperfection centers. The three most important physical mechanisms

+[ JThese refer to the titles given in the bibliography.
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Figure 1. Experimental thermal activation energies of
electrons and holes at impurity centers in Si.

From S. !f. Sze, Physics of Semiconductor Devices,
Wiley, 1969.
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for energy conservation are the thermal, the optical and the Auger-Impact
processes. [35] Their quantum mechanical transitions are shown in Figure 2.
In the four thermal transitions of electrons and holes at the imperfection center,
the phonon or lattice vibration supplies or carries away the energy during the
transition. In the four optical transitions, photons provide the required
energy conservation. In the eight Auger-impact transitions, an energetic elec-
tron or hole is the transition partner.

Figure 2 also gives the transition rates. The kinetic coefficients are
first order, that is, the first order dependences of the bound and free particle
concentrations are explicitly written out. For example, the thermal capture rate
of electrons is proportional to the electron concentration, n, and to the trapped
hole concentration, Prp- c; is the proportionality constant or the thermal capture
coefficient of electrons.

Similarly, cg is the corresponding coefficient for optical capture. It is better
known as the radiative capture coefficient of electrons.

Thermally averaged transition rate coefficients of the emission transitions
are similarly defined. For example, ez is the thermal emission rate of a bound
or trapped electron to the conduction band and e: is fhe optical emission rate of
a bound electron to the conduction band. eg is also commonly known as the
photoionization rate of the imperfection center.

The thermal capture rates can be expressed as a product of the thermal capture
cross section, o; or o;, and the thermal velocity, en or ep, of the carrier being

captured. This is illustrared in Figure 3. Similarly, the optical emission rate,

o Sy . ;

e: and ep, can be expressed as a product of the photoionization cross section,
o o

an and ap, and the photon flux ¢.

It has been commonly assumed that mass action law can be applied so that

the ratio of the thermal emission to capture coefficients is equal to the
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equilibrium constant, en/cn-nl or ep/cp-pl. These give o_=c_/6

n=n n=en/nlen and

a;=cp/9p=ep/plep which are used to calcnlate the capture rate and cross section
from the emission rate data. Such a procedure is correct only at thermal
equilibrium. Even at thermal equilibrium, it is very inaccurate since the thermal

emission rate is strongly temperature dependent and has a large thermal activation

energy as indicated by e§=c:Ncexp[-(EC-ET)/kT] for electrons in Figure 3.

In practical situations and in our experiments performed in a depletion region,
a high electric field may exist to give appreciable hot electron (or hole) éffects.
Under such a nonequilibrium condition, the mass action law does not hold. It is
therefore essential *+ at both the capture and emission rates be measured
independently.

This important point on thermal nonequilibrium or hot carrier effect was
recognized by Shockley and Read in their 1952 paper on recombination kinetics.

It has been emphasized in a number of papers listed in the bibliograph, beginning
with the study of gold centers [3]; however, it has been overlooked frequently.

For the Auger-impact transitions shown in Figure 2, the dependences on the
electron or hole concentration is nonlinear in the first order kinetics. For
example, in the Auger capture of an electron by an unoccupied center, the transi-
tion rate is proportional to the square of the electron concentration if another

electron carries away the transition energy. It is given by c::n2pT in Figure 2.

III. DESCRIPTION OF THE METHODS AND EXPERIMENTAL EXAMPLES
The new methods [7] of measuring these capture and emission rate coeffi-
cients are suggested from the rate equations in Figure 2 which can be simplified to

dn
dt

where use is made of pptn

= -(cnn+en+cpp+ep)nT + (cnnfep)NTT (1)
TzNTT' NTT is the concentration of the centers. The

kinetic coefficients are defined by:




t, o,n P
= c + +
Cn = Cptepte nte P ,
| tlo-'p _I'n
; c_ = c_tc_+c ptc n ,
P PERCCRETND
(2)
e = et+e°+enn+epp .
n nnn n
and
- e = et+e°+epp+enn .
P P P P P
. It is obvious that linearization of the rate equation is achieved if the electron

and hole concentrations are zero or constant. This immediately suggests the use
of the depleted region of a p-n junction, a Schottky barrier or a MOS capacitor
where the electron and hole concentrations are zero.

The linear system is the most accurate system for measuring the
fundamental kinetic parameters, since any perturbations applied to the system
will decay exponentially with time. 1In fact, the reciprocal of the decay
time constant is equal to the sum of all the emission and capture rates as

indicated by Equations (1) and (2). The time constant is given by

e & (3)

c_nte_+c_pte
il i

One very important and unique feature of a depleted region is that the
decay time constant is independent of the concentration of the imperfection
centers. This avoids the uncertainty and error which occur in small-signal
photoconductivity experiments whose decay time constant depends on the concen-
tration of the imperfection centers. It also avoids the difficulty of defining
a time constant in large-signal nonlinear photoconductivity experiments where the

. decay is not exponential.

Another unique feature is the true exponential decay predicted from
the simple mode!. It allows us to accurately study the physical factors which
give rise to a distribtuion of time constants. For example, there are substan-
tial hot-electron or hot-hole effects in a reverse biased p-n junction wWhich give

- -
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rise to electric field dependences of the thermal capture and thermal emission

rate coefficients.

The most important feature is the fact that the measurements can be performed
in a device structure which has been subjected to high temperature processes such
as a diffused p-n junction or transistor. However, the measurements can also be
made on original and not-heat-treated samples using a Schottky barrier or MOS

structure with anodized oxide.

Let us now proceed to describe the experiments. We can observe two types
of transients from the emission of trapped electrons or holes in a depleted
region after a perturbation is applied. [7] One is the current transient and
the other is the small-signal high-frequency capacitance transients. These are
illustrated in Figure 4 for a p-n junction. The applied voltage sequence is as
follows. The junction is initially zero biased. This is the perturbation which
sets the initial charge condition of the traps. As indicated in the upper energy
band diagram, this initial condition is that the traps on the n-type side of the
junction are filled with electrons. Next, a negative voltage is applied to
reverse bias the p-n junction and to create a depleted space charge region.
Immediately after the voltage is switched to a reverse bias, the electrons near
the junction are swept out of the junction region in a few transit times, about
10-12 seconds or a few picoseconds. The beginning of fhis sweep-out process is
shown in Figure 4(b) and the end is shown in Figure 4(c). At the end of the
sweep-out period, which lasts for a few picoseconds, a depletion region is
created. During this very short sweep-out period, the trapped electrons are stiil
all trapped at the imperfection centers.

These trapped electrons are slowly excited out of the imperfection centers
either thermally, or optically or by impact after the reverse bias voltage is
applied. The energy band diagram in Figure 4(c) shows that the trapped elec-
trons are released and then swept out to the n-type region, producing an electron
current, ic. Simultaneously, the trapped holes are created which are also
thermally excited into the valence band and then swept out to the p-type region
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Figure 4. Emission oi trapped electrons and holes at an imperfection

center in the depleted space charge region of a reverse-
biased p-n junction.
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by the high electric field, producing a hole current ip. Generally, for an energy
level in the upper half of the band gap, the electron emission rate is much higher
than the hole emission rate so that excitation of trapped holes can be neglected.
This means that the particular initial condition of the traps, set by zero
biasing the junction, gives us only the kinetics of the trapped majoiity carriers at
those traps whose energy levels are located in the majority carrier half of the
band gap.

The slowness in the release of the trapped charges is what makes it easy to
observe experimentally. It involves time constants anywhere from a few milliseconds

or shorter to several hours or longer depending on the strength of the excitation

such as the sample temperature or the light intensity. The relatively long time
constants simplify the instrumentation required to get precise data.

The excitation of the trapped charges and the sweep-out of the released
charges can be observed as both a junction current and a junction capacitance
transient. The capacitance transient comes from the change of the trapped
spacc charge in the depleted region due to the excitation and sweep-out processes.
The time dependence of the trapped charges gives rise to a corresponding time
dependence in the width or the high frequency dielectric capacitance of the
space charge layer which compensates for the change of the total trapped
charges in the depleted space charge layer. This also produces the third component

of current, the displacement current i, indicated in Figure u4(c).

d
The high frequency capacitance measurements are made at one Mega Hertz using

commercial analog capacitance meters. Time constants as small as one milli-

second can be accurately determined. The capacitance measurement is more convenient

for larger +ime constants at lower temperatures. On the other hand, the current

transient has liarge magnitude only at high temperatures when the thermal emission

rates are high and the time constants are small. Consequently, the two measurements
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compliment each other. The combined current and capacitance transient measurements
can give time constant data over ten orders of magnitude, to be illustrated later.

Let us now go through a simple analysis of the capacitance transient using
Figure 5. Here, a more realistic view of the potential energy variation with
position is shown. Consider first the space charge distribution versus position.
Since a constant voltage is applied to the junction, the change of the trapped
electron and hole charge concentrations, indicated_by the shaded area labeled Do,
must be compensated by the bulk electrons moving into the edge region of deple-
tion layer, given by the shaded area at the edge. The flow of the bulk electrons
into the edge region then reduces the width of the depleted layer. The decrease
of the depletion layer width is detected as an increase of the high-frequency
dielectric capacitance of the depleted layer.

A simple one-dimensional parallel plate capacitance calculation is given
below for a gold doped p+/n diffused or Al/n Schottky diode. The electron charge

induced at the edge layer, Ndw, is given by

W
X W
= - = _ = pac y
Ndw (NDD NAu)dw L) nT(w,t) 2 dx nT(t) 5 (4)
where NAu is assumed to be indepedent of position. The fractional change of the

space charge capacitance with time is then given by

ac(e) _ aw . oqptt)

= = . (5)
€, W 2(N N, )

Here nT(t) is obtained from the solution of Equation (1) using the depletion

approximation, N=P=0, and is given by

n(t) =N, o t/" (6)
where = .
. e, SRR P ST, 9
T = l/(en + ep) l/en it &, > &% - (7)
The total capacitance change during the entire transient is then given by
N N
AC(t=w) Au Au 0
= = @ 8
c T e d; a =

® DD Au DD t
Thus, the capacitance transient data gives both the electron emission rate, e

and the gold concentration, NAu' The approximation indicated in Equation (8)

-13~




v(t)
VR Pt n e 0 1 o
SPACE s ny (x,1)
CHaRcE - :‘-’9-%1——1‘ —Npp Sy
or . Noo-Nau s
1=0 ! _I
l — X tC (t)
— x — |dx .j k!
’[ dw
W .
aCo } —f
- aC(t) Co .
L.,
Figure 3. The space charge distribution for a simple quantitative
analysis of the capacitance transient.
“1l= I
|




b e v, At AL S S IO G L A Ve L e

P+| N
< p— o e o
P
v=0 TSttt ecscsesepese 3
: \ SSTT (el v el dng —elNgy ’
dt
: al o
= P n !
nyd = Nigp Bt exp(-t/1)
en+ P o p
iG= !
el rel

i0 =) ebor + ehnn)

A2
qs€ (Vp+VR)(Npp-nq)
(o]

ce(n =

A= JUNCTION AREA

Figure 6. A summary of the expressions for the capacitance and

current transients in a reverse-biased p~n jun~.ion for
spatially constant trapping center concentration.




shows that the interpretation is the simplest if the concentration of the imper-
fection center, NAu’ is much smaller than the concentration of the majority
doping impurity, NDD'

A summary of the equations for the capacitance and current transients are
shown in Figure 6 for spatially constant concentrations of shallow impu;ities
and generation-recombination-trapping centers. The formula for the current
transient indicated here can be derived in the same way as the capacitance tran-
sient formula just given, by adding the electron, hole and displacement
currents. [7]

Some examples of the results of our studies [1-34] are given on' the next
few figures. The cross sectional view of a typical diffused P+N junction on

silicon is shown in Figure 7. A ring shaped MOS capacitor is used as a guard

ring to cut off any surface channel.

3.1 Examples Using the Thermal Emission Processes

The current transient of a gold-diffused silicon P+N junction at u4°C [7]
is shown in Figure 8. Note the linear dependence of current on time shown on the
semilog scale in the lower diagram. This current transient comes from the thermal
emission of electrons trapped at the gold acéeptor level in the n-type silicon
which is located at 570 meV below the conduction band edge. [3]

The capacitance transient at a lcwer temperature, -65.1°C, is shown in
Figure 9. Note again the linear decay on the semilog plot, indicating a single
time constant.

The electric field dependence of the thermal emission rate of trapped elec-
trons at the gold acceptor is shown in Figure 10 from capacitance transient
measurements at seven temperatures. [9] The electric field is increased by

increasing the reverse bias voltage. This dependence suggests a Poole-Frenkel

impurity potential barrier lowering effect which enhances the emission rate.
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Figure 3. An example of the experimentally observed junction current
transient in a gold-doped silicon p+n junction at 44°C.
Note the nearly exponential decay. [7]
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Figure 9.
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An example of the experimentally observed junction capaci-

tance transient in a gold-doped silicon p+n junction at
Note the nearly exponential decay. [7]
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An example of the observed electric field dependeuce oi
the thermal emission rate of electrons trapped at the
gold acceptor level in silicon.
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The observed temperature dependence is consistent with the simple equation from

barrier lowering given by en=en(0)exp(AET/kT). However, a quantitative comparison
between the theory and experiments has not bee- successful.

The next figure, Figure 11, shows the thermal emission rate of electrons or
holes trapped at the gold acceptor or donor centers in silicon at low electric
fields. [3] Low temperature data are from capacitance transients while high
temperature data are from current transients. Abopt 10 decades of data are
obtained. The slope of the three lines gives the three thermal activation
energies which are indicated in the corresponding energy level and transition
diagrams.

Applications of the capacitance transient method are shown in the next four
figures. Figure 12 shows the spatial variations of the phosphorus donor densif&,
ND, in a boron diffused P+N control diode and the deep level zinc acceptor
density, NZn’ in a boron as well as zinc diffused P+N junction. [25] Note the
rise of the zinc concentration towards the boron diffused P+ region, suggesting
an increase of the zinc solubility in the silicon surface region which is
diffused with a high concentration of boron.

Figure 13 shows a plot of the concentration of a shallow zinc-boron complex
center versus the zinc concentration. [25] The concentrations are obtained from
capacitance data on three N+P phosphorus as well as zinc diffused silicon diodes.
The dependence suggests that the complex is a compound of three zinc atoms
surrounding one boron atoms.

Figure 14 shows the concentration of the A-center or the Oxygen-Vacancy
pair in a high temperature processed float-zone silicon after it is bombarded
by one-MeV electrons. [30] The initial oxygen concentration is negligible. The
vacancy is uniformly generated by a one-MeV electron beam. The constancy of the

Oxygen-Vacancy concentration with position suggests that oxygen is diffused into
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Figure 11. ‘The reciprocal thermal emission rate of electrons and
holes from the gold acceptor and donor centers in silicen
at low electric fields obtained from the current and

capacitance transient decay time constant measurements.
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'Figure 12. An application of the capacitance transient. The spatial
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impurities in boron diffused silicon p+n junctions are
obtained from the total change of the capacitance transi-
ents in a range of reverse bias voltages. [31]
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Figure 14. An application of the total change of the capacitance

transient showing spatial variation of the concentration
of the A-center or the vacancy-oxygen pair after the
vacancies are generated uniformly by one MeV electron
irradiation. ([30]
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silicon during the high temperature processing to a depth of more than 30 microns.
Aluminum Schottky barrier diodes, evaporated onto the surface of the n-type float-
zone silicon without heat treatment, showed less than 1011 oxygen-vacancy pairs
per cubic centimeter after one-MeV electron irradiation.

Figure 15 illustrates the sensitivity of the dark capacitance transient
method for detecting the deep level impurities. [4] The two capacitance levels of
each of the five capacitance curves correspond to the traps not occupied and traps
all occupied by electrons or by holes. The diffebence in capacitance between these
two levels then gives the total number of centers. There is no decay of trapped
charge nor capacitance since at the temperature of 77°K, the thermal emission
rates are essentially zero. For these devices, the detection limit is about one
part in 10I+ or about 10ll impurities or defects per cubic centimeter. For a
30 mil diameter diode with 2 micron depletion layer width, this correspoﬁds to a

sensitivity of 105 trapped electrons or lO5 impurity and defect centers.

3.2 Thermal Capture Rates

Let us now turn our attention to capture rate determination. The capture
rates can also be obtained from capacitance transient data by injecting electrons
or holes into the depletion region. [9,7] Figure 16 illustrates two methods of
measuring the capture rate, by getting the same initial charge state of the traps
in two ways. In the middle energy band diagram, the trapped electrons are excited
out of the traps either thermally or by exposure to an extrinsic light. After
the traps are emptied, the semiconductor surface is exposed to an intrinsic light
to generate electron-hole pairs at the surface. Because ofithe large intrinsic
absorption coefficient, there is essentially no penetration of the intrinsic
light into the depletion layer to cause photoexcitation of the trapped holes and
electrons. The photogenerated electrons at the surface are swept into the

depletion region and some of them are captured by the empty traps to give a
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An application of the total capacitance change showiny

the concentration of majority carrier traps and
recombination centers in several diodes and transistor
emitter and collector junctions, The detection sensitivity
limit is about 1 part in 104 or 1011 impurity atoms or
traps/cm3. [4]
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TWO METHODS OF MEASURING CAPTURE RATE
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Figure 16. The energy band diagrams, the capacitance, and the light
flux waveforms illustrating two methods of measuring the
rate of electron capture into an imperfection center in
the junction depletion region.
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capacitance transient. The time constant is the reciprocal of the sum of the
electron capture and emission rates as shown in Figure 16. The electron concen-
tration in the electron capcure rate is calculated from the total junction photo-
current. Both the electron concentration and the photocurrent are constant since
a very small fraction of the injected electrons are captured.

Examples of the capacitance decay due to electron captured into the gold
acceptor level in silicon are shown in Figure 17 for three photocurrents. [7]
It is obvious that the decay rate increases with increasing photocurrent as
expected from the time constant 1 = E—%;;—- where N = I/qenA, I is the photo-
current, en is the electron velocity an : is the junction area.

Another example showing hole capture into both the gold donor and the gold
acceptor levels in a gold diffused junction on p-type silicon [7] is given in
Figure 18. Note that two exponential decays are superimposed onto each other.

The faster decay is from holes captured into the gold acceptor level and the

slower one is from holes captured into the gold donor level.

3.3 Impact Emission Rates

A method [9] can be developed to measure the impact ionization rate [35] at
low temperatures when the thermal emission rate is negligible. This is illus-
trated in Figure 19. The electrons are again photogenerated on the surface and
are swept into the depletion region to cause impact emission of trapped electrons.
Alternatively, a forward biased emitter junction can be used to inject the
electrons. [9] In contrast to the electron capture experiment just described,
the traps here are initially occupied by electrons. Some of these trapped elec-
trons are knocked out by the photogenerated and injected electrons which had
gained sufficient kinetic energy in the electric field. The impact release of
trapped electrons gives a capacitance transient whose time constant gives the
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Figure 17. Experimental data illustrating the capacitance decay
time constants as a function of the junction d.c.
current or light intensity, due to electron capture

into the gold acceptor center in a silicon p+n junc-
tion at -193°C., [7]
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Experimental data illustrating the capture of holes into

the gold donor and the gold acceptor levels in the p-type
silicon of an n+p junction at -190°C. The data shows that
there are two exponential decays in the capacitance transient
due to the capture at the two gold energy levels. [7]
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Figure 19. The energy band diagrams and the capacitance transient
waveform illustrating a method of measuring the impact
emission of trapped electrons by energetic electrons.




reciprocal impact emission rate e:. Usually, we also have to take into account
the recapture of the electrons which are impact released. The capture process
will modify the formula given here slightly by adding a capture rate an to e:
in the time constant and by reducing the total AC by a factor e:/(an+e:).
Experimental data of the electric field dependence of the electron impact
emission rate of trapped electrons at the double donor sulfur centers in the
neutral charge state are shown in Figure 20. The general rise of the impact

emission rate with increasing electric field is expected but a theory has not

been worked out to account for the detailed shape.

3.4 Optical Emission Rate and Photoionization Cross Sections

Let us now move on to the determination of the photoionization cross sections
or the optical emission rates of trapped electrons and holes. [7] These rate
constants can again be obtained from the junction capcitance or current transients
after the junction is exposed to extrinsic light at such a low temperature that
the thermal emission rates can be neglected. This is illustrated in Figure 21.
The capacitance transient time constant gives the photoionization rate and cross
section and the total capacitance change gives the trap concentration. Because
of the extremely high sensitivity of t}. capacitance measurement techniques,
photoionization cross sections of 10-19 cm2 can be measured. This corresponds
to an absorption ocefficient of 1073 cn™! which is three orders of magnitude more
sensitive than the conventional absorption measurements.

The photocapacitance transient measurements can be used to determine the
photoionization threshold energies of the trapped electrons and holes. This
gives another way of determining the energy levels of the bound states. It can
also be used to determine whether the two energy levels belong to the same

center. In Figure 22, the energy band diagram is used to illustrate the use of

two extrinsic monochromatic light sources to photoionize the two sulfur donor
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The observed electric field dependence of the electron
impace emission rate of trapped electrons at the neutral
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Figure 21. The energy band diagrams and the capacitance transient
waveform illustrating a method of measuring the photo-
ionization rate of an imperfection center or the optical
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electrons. The higher energy photon (400-700 meV) is applied after the lower energy
er (380 meV). The two photocapacitance transients [5] are shown in Figure 23. The
approximately equal magnitude of the two capacitance transients is consistent with
the model that the two energy levels are from the same sulfur center in silicon.

As an illustration of the sensitivity of the photocapacitance method and
its use for fundamental studies, the photoionization cross section hbelow the
extrinsic edge [13] is shown for the deeper one-electron sulfur level in Figure
24. The continum is at 613 meV labeled as (5). There are several humps in the
spectra below the threhold as indicated in the inset. They are identified with
two-step photo-thermal transitions from the ground state, ls(Al), to the excited
states. The first step is the optical transition and is indicated in the right
column in Figure 25, which also gives the theoretical one-electron energy levels
of sulfur in silicon on the left calculated from a pseudopotential theory [18],
and the published optical absorption spectra in the middle column. [13] For
example, the hump labeled (1) at 425 meV is attributed to a two-step process in
which the bound electron at the ground state, ls(Al), first makes an optical
transition to the excited state ls(T2) and is then thermally released into the
conduction band from the ls(T2). Humps (2) and (4) correspond to optical transi-
tions of ls(Al) to 2p0 and ls(Al) to 2px. The ledge at (3) can be attributed to

the optical transition ls(Al) to 2s(T2).

3.5 Depletion Layer Thermally Stimulated Capacitance (TSCAP) [18]

and Current (TSC) [10]

When there are many imperfection levels in the band gap, one would like to
scan the gap quickly to sort them out before detailed measurements are made. [21,30]
Thermally stimulated capacitance (TSCAP) [19] or thermally stimulated current
(TSC) [10] data can provide this kind of information. Figure 26 shows the capaci-

tance versus temperature curves of the TSCAP experiment on a one-MeV electron
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Figure 23.

The observed photocapacitance transient from optical
emission of the electrons trapped at the sulfur double
donor center in silicon. Note that the total capacitance
changes are essentially equal for the two transients
supporting the idea that the two donor energy levels are
from the same sulfur donor center. [5]
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Highly sensitive measurement of the photoionization
cross section from the optical emission rate data of
the capacitance transient from electrons trapped at
the deep sulfur donor center in silicon at 613 meV
below the silicon conduction band edge. [13]
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Figure 26. Example of scanning the band gap for the majority carrier

ﬁ¢f35_ traps by thermally stimulated capacitance measurements
?-,t > for defect centers produced by one MeV electron irradiation.
[19]
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irradiated silicon N+P junction. [30] The junction is first cooled to 77°K and
then zero biased to fill the majority carrier trap with holes. The junction is
then reverse biased and its temperature is increased linearly with time. The

three capacitance steps in curve (b) correspond to emission of the trapped holes

[ at the three successively deeper levels from the valence band edge, 190, 300 and
370 meV. Curve (b) is taken before room temperature annealing occurred. Curve
é; (a) is taken after room temperature annealing. It indicates that the 300 meV
hole trap was converted into the 370 meV hole trap during annealing since the
total concentration or the capacitance step of the 370 meV hole trap after
annealing is equal to the sum of the capacitance steps of the 300 and 370 meV
hole traps before annealing.

The derivative of the thermally stimulated capacitance c¢urve of Figure 26
with respect to temperature or time is shown in Figure 27. The peaks of the
derivative TSCAP give additional visibility and resolution for detecting the
hole traps.

So far, the TSCAP data are for majority carrier traps, that is electron traps

in the upper half gap or hole traps in the lower half gap. We can set the initial
condition differently at 77°K so that some of the minority carriers are also
trapped at the minority carrier traps. [7] The result of this initial condition
is shown on the derivative TSCAP plot in Figure 28 taken on a Cobalt doped
junction on p-type silicon. [22,27] In order to populate some of the Co acceptof

levels in the upper half of the band gap with electrons initially in the p-type

st o

region, the reverse biased junction is exposed to a monochromatic light of about
one micron wavelength (1.24 eV) at 77°K. [27] This phtotexcitation causes some

electrons to be trapped at the Co acceptor level. The derivative TSCAP is then

taken. Note that a peak is obtained at 140°K for the majority carriers, holes,

trapped at the Co donor level which is located in the lower half of the band gap
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at 377 meV above the valence band edge. However, a minimum is observed at
240°K for the electrons (minority carriers in p-Si) trapped at the acceptor level
which is located in the upper half of the band gap at 569 meV below the conduction
band edge.

An example of using the thermally stimulated junction current (TSC) to scan
the band gap for defect levels produced by ion implantation is shown in Figure 29
taken on a junction on p-type silicon. This method gives current peaks for both
the majority and minority carrier traps. Thus, it cannot distinguish the majority
carrier (hole) traps in the lower half of the band gap from the minority carrier
(electron) traps in the upper half of the band gap. Only the capacitance tran-
sients given on the upper part of the figure can tell whether the level is a
majority or minority carrier trap. Those with negative signs are from minority
carrier traps in the upper half gap and those with positive signs are from
majority carrier traps in the lower half gap. The current is low and its measure-

ment require very careful shielding. In contrast, the capacitance measurements

require little or no special shielding since the capacitance bridge employs a

phase sensitive detector.

3.6 Edge Layer Thermally Stimulated Capacitance [29]

The range of the band gap that can be scanned by the depletion layer TSCAP
or TSC method just discussed is determined by the starting temperature. For
liquid nitrogen temperature, this is about 200 meV from a band edge so that
shallower level traps are missed unless lower temperature is used. This is not

very convenient since it reguires liquid helium facility.

However, there is another capacitance change which can reach cleser to the
band edge at 77°K than the depletion layer TSCAP. This capacitance change comes

from emptying or filling of the traps in the edge region of the p-n junction
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when the bulk Fermi level crosses these trap levels as the temperature is

increased. [29]
This is known as the edge Layer thermally stimulated capacitance effect. ;
It is illustrated in Figure 30. Process (1) is the usual depletion Layer TSCAP
. . while process (2) gives the edge Layer TSCAP. The edge region TSCAP can reach 1
levels as close as 60 meV from a band edge at 77°K compared with the 200 meV
from the depletion region TSCAP.
Data of the edge layer TSCAP [29] is illustrited in Figure 31. Curve b is
the depletion layer TSCAP with the condition that the traps are initially filled
with electrons at 30°K. The peak at 70°K is due to the A-center or oxygen-vacancy

pair which is 174 meV below the conduction band edge. Curve a is obtained without

zero biasing the junction so that all the traps in the depletion layer are ini-
tially empty and would not give capacitance changés with temperature. The edge
region, however, will give capacitance changes with temperature as illustrated

by the 149°K peak in the lower right figure since the traps in the edge region are
filled initially even without zero bias. This peak at 149°K gives a defect level at
180 meV below the conduction band edge which is in good agreement with the energy

level, 174 meV, of the A-center from the depletion layer TSCAP at 70°K obtained above.

3.7 Capacitance and Current Transients in MOS Capacitors [20,2u4]
Let us next briefly discuss the capacitance and current transients that can
be observed in reverse biased and depleted surface space charge region of MOS

capacitors. [20] The main difference in the capacitance transients between a

3 MOS capacitor and a p-n junction or Schottky barrier is that the insulator-
semiconductor interface of the MOS capacitor can accumulate minority carriers ]

which are generated in the space charge region while there is no potential well

in p-n junctions or Schottky barriers to retain the minority carriers.

BT




Figure 30. The energy band diagram illustrating the use of the
edge region TSCAP effect to reach shallower traps at
or above liquid nitrogen temperature. [29]
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Figure 31. TSCAP curves of electron irradiated silicon p-n junction
illustrating a shallow donor level whose depletion layer
TSCAP peaked at about 70°K while its edge layer TSCAP
peaked at about 149°K. [29]
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The capacitance and current transients in MOS capacitors can be divided into
two phases with widely different time constants. Phase I is identical to that
observed in a p-n junction. The much slower phase II arises from minority
carrier accumulation at the oxide-semiconductor interface to invert the semicon-
ductor surface at the oxide-semiconductor interface.

The energy band diagram illustrating the phase I and II capacitance and
current transients in a MOS capacitance [20] is shown in Figure 32. Phase I
needs no further explanationsince it is identical to that in a p-n junction which
we have already discussed. Phase II comes ah§ut from minority carrier accumula-
tion at the interface to invert the surface. The minority carriers are generated
at the imperfection centers in the depleted surface space charge layer at a
steady-state rate during the major part of phiase II. The accumulation of the
minority carriers at the interface will reduce the thickness of the surface space
charge layer width and hence increase the semiconductor capacitance. The capaci-
tance transient waveform is also shown in Figure 32. The phase I capacitance
change is usually much smaller than we have illustrated. Its size is propor-
tional to the trap concentration in the surface space charge layer. Thus, we can
. use the phase I transient to determine all the properties obtainable for a p-n
junction such as the emission rate of the majority carriers and the trap concen-
Phase II gives additional information.

tration. The phase II time constant is

inversely proportional to the thermal emission rate of the minori{ty carriers

while phase I is equal to reciprocal of the majority carrier emission rate. These
are summarized below.
w for p-Si, e_>>e (9)
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Figure 32. Energy band diagrams and capacitance transient waveform
illustrating phase I and Il capacitance and current
transients after the !0S capacitor is switched from flat-
band to a reverse bias. [20,24]
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Some examples and applications of the MOS capacitance transients are illus-
trated in the next four figures.

Figure 33 shows the experimentally observed phase I and II capacitance
transient of a gold-diffused n-type silicon MOS capacitance. [20] Notice the
large difference in time constants of the two phases.

Figure 34 illustrates the observed current transient in a gold-diffused MOS
capacitance. [20] Again notice the large difference between the time constants
of the two phases. Phase I is plotted in an expanded scale to show its exponen-
tial decay characteristics. Note also that the phase II current decay is nearly
linear with time, which is in accordance with the theory. [20]

Figure 35 illustrates some applications of the phase I and phase II MOS
capacitance transients to give the concentration proflies of both the boron
acceptor impurity and the gold impurity. [24] The large dip of the gold concen-
tration near the oxide-silicon interface comes from a special sequence of gold
out-diffusion, silicon surface etching and oxidation procedure used in the
fabrication of the MOS capacitor.

Figure 36 shows another useful application of the phase II capacitance
transient. [24] The vertical axis is essentially the reciprocal of the phase II

time constant. The values of the variable along the vertical axis can be obtained

directly from the second derivative of the experimental phase II capacitance-
time curve. The data show that there is a small region of high minority carrier
generation rate at about 2.5 microns from the interface. The rapid increase of

the phase II rate constant with increasing depth is not due to a rise of the
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Figure 33. Experimental curve illustrating the observed capacitance
transient waveform during phase 1 and phase II after
the [10S capacitor is switched to reverse bias. [20]
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Figure 34. The current waveform after the MOS capacitor is switched
to a reverse bias, illustrating both the phase I and II
transients, [20]
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Figure 35. An example of using the phases I and 1I 10S capacitance

transients to obtain the majority doping acceptor or
boron profile and the profile of the gold concentration
in the surface space charge layer. [24]
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2.5 microns from the interface. [24]
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trapping center density nor a decrease of the boron concentration in the interior

T

as indicated by Equations (9) to (11). Instead, it shows the large increase of
the minority carrier generation rate with increasing electric field as the junction
depth is increased. This is similar to the softness of the reverse characteristics
of p-n junction.

An important direct application of the generation rates obtained from the MOS
phase II or inversion time constant is its use in the calculation of leakage
current of an adjacent junction in a IC chip and in the prediction of the maximum

refresh time in CCD.

IV. SUMMARY AND ACKNOWLEDGEMENT

Some of the eight new techniques, using the space charge layer of a p-n
junction, Schottky barrier and a MOS capacitor to determine the properties of
imperfection centers, are discussed. These are the depletion layer dark and

photo current and capacitance transients, the edge layer dark and photo capaci-

tance transients, the thermally stimulated current and capacitance. A variety
of initial charge states of the traps can be set by switching the junction bias,
using thermal or photo excitation of the trapped charges, and by injection of
the photogenerated carriers on the surface or by injection from a forward biased
emitter junction.

These new measurement techniques will provide extensive and accurate data on
the kinetic parameters of the recombination, generation and trapping processes

to improve our understanding of the bound states in semiconductors. They can also

be used to monitor silicon integrated circuit processes. An extensive investi-

gation of the process (thermally) generated recombination centers in silicon at

high temperatures has recently been made using these techniques. [39]




The methodspresented here evolved from a homework problem assigned by the
author to students in an undergraduate solid state electronics course in the
spring of 1965. The contributions of many of his former doctoral graduate
students were most crucial to perfect the experimental techniques for detecting
the junction current and capacitance transients and to develop kinetic theory to
interpret the experimental data. They are A. F. Tasch, Jr., L. Forbes, L. L.
Rosier, J. W. Walker, L. D. Yau, J. M. Herman III, and H. S. Fu. Theoretical
works on the bound states of impurity and defect centers by T. H. Ning and

S. T. Pantelides were also invaluable to aid the understanding of the results

obtained.
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